Modeling emergent life histories of copepods by Huse, Geir et al.
ORIGINAL RESEARCH
published: 21 March 2018
doi: 10.3389/fevo.2018.00023
Frontiers in Ecology and Evolution | www.frontiersin.org 1 March 2018 | Volume 6 | Article 23
Edited by:
Michael Arthur St. John,
National Institute of Aquatic
Resources, Technical University of
Denmark, Denmark
Reviewed by:
Mario Barletta,
Departamento de Oceanografia da
Universidade Federal de Pernambuco
(UFPE), Brazil
Olcay Akman,
Illinois State University, United States
*Correspondence:
Geir Huse
geir.huse@hi.no
Specialty section:
This article was submitted to
Marine Ecosystem Ecology,
a section of the journal
Frontiers in Ecology and Evolution
Received: 01 March 2016
Accepted: 27 February 2018
Published: 21 March 2018
Citation:
Huse G, Melle W, Skogen MD,
Hjøllo SS, Svendsen E and
Budgell WP (2018) Modeling
Emergent Life Histories of Copepods.
Front. Ecol. Evol. 6:23.
doi: 10.3389/fevo.2018.00023
Modeling Emergent Life Histories of
Copepods
Geir Huse*, Webjørn Melle, Morten D. Skogen, Solfrid S. Hjøllo, Einar Svendsen and
W. Paul Budgell
Marine Ecosystems and Resources, Institute of Marine Research, Bergen, Norway
The distribution and population dynamics of zooplankton are affected by the interplay
between currents, behavior, and selective growth, mortality, and reproduction. Here,
we present an individual based model for a copepod where life-history and behavioral
traits are adapted using a genetic algorithm approach. The objectives were to investigate
the importance of spatial and inter-annual variability in biophysical forcing and different
predator densities on the adaptation of emergent life history traits in a copepod.
The results show that in simulations with adaptation, the populations remained viable
(positive population growth) within the study area over 100-year simulation whereas
without adaptation populations were unviable. In one dimensional simulations with fixed
spatial position there were small differences between replicate simulations. Inter-annual
variability in forcing resulted in increased difference in fitness between years. Simulations
with spatial-, but without inter-annual variability in forcing produced large differences
in the geographic distribution, fitness, and life history strategies between replicate
simulations. In simulations with both spatial and inter-annual variability the replicates had
rather small variability in traits. Increased predator density lead to increased day depth
and avoidance of the lit upper waters. The model can be used for a range of different
applications such as studying individual and population responses to environmental
changes including climate change as well as to yield robust behavioral strategies for
use in fully coupled end to end ecosystem models.
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INTRODUCTION
The distribution and population dynamics of zooplankton are affected by the interplay between
currents, behavior, and selective growth, mortality, and reproduction. Zooplankton can respond to
a range of environmental factors including predators, prey, and physical factors such as temperature
(Bollens and Frost, 1989; Carlotti et al., 2000; Fiksen, 2000). Most meso-zooplankton species are
coupled to phytoplankton dynamics and change growth and development rates in response to
changes in food availability (e.g., Campbell et al., 2001). Predation is generally important in shaping
life histories of organisms (Roff, 1992; Stearns, 1992). The effects can generally be divided into lethal
and non-lethal components where that latter are features resulting from the predators “scaring”
prey to stay away from otherwise preferred habitats (Creel and Christianson, 2008), the so called
ecology of fear (Brown et al., 1999). Furthermore organisms inhabiting the sea have the inherent
problem of upholding life cycle closure due to the advective and diffusive forces that continuously
act to disperse populations (Sinclair, 1988; Eiane et al., 1998). Spatially explicit individual based
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models can be valuable for investigating the interplay between
these productive, selective and dispersive factors on the spatial-
temporal dynamics of zooplankton.
The copepod Calanus finmarchicus is the dominant species
of the meso zooplankton in the Norwegian Sea (Melle et al.,
2004) and is treated as our model species in this work. The
species is largely herbivorous and constitutes an important link
between the phytoplankton and the higher trophic levels in
the North Atlantic food web (Aksnes and Blindheim, 1996;
Melle et al., 2004). The life cycle of C. finmarchicus consists of
overwintering at depth mainly as copepodite stages 4 (C4) or 5
(C5), ascent toward the surface during early spring, maturation,
and subsequent commencement of egg production prior to and
during the spring phytoplankton bloom (Marshall and Orr, 1955;
Hirche, 1996b). The new generation remains in the upper waters
during summer andmaymature and reproduce within the season
or build up fat reserves and descend to overwintering at stage C4
or C5 (Hirche, 1996a). The spring bloom is important for the
timing of ascent from diapause (Hirche, 1996a), and Kaartvedt
(2000) argues that predation from planktivorous fish is a key
driver in the timing of the descent to overwintering. The timing
of ascent and descent is a trade-off between growth, survival, and
reproduction.
Plankton need to utilize the vertical and horizontal
differentiation in the current pattern to close their life cycle.
This is particularly challenging in areas of strong prevailing
currents. Using drift trajectory data from RAFOS floats drifting
at 800m it has been estimated that C. finmarchicus are displaced
over 300 km during the overwintering period in the Norwegian
Sea (Søiland and Huse, 2012). Bryant et al. (1998) studied
the drift pattern resulting from different depth distributions
that mimicked the vertical distribution of C. finmarchicus.
They found that some areas of the Norwegian Sea such as
the Norwegian Basin and the area around the Faroese Islands
could retain particles over more than 10 years. Torgersen and
Huse (2005) found similar results in an individual based model
taking into account growth, survival and reproduction as well
as different seasonal vertical migration behaviors. The model
results showed that the vertical migration behaviors with the
highest advective loss rates were those that ascended early and
descended late to diapause.
Due to the spatial heterogeneity and temporal variability
of marine ecosystems spatially explicit models are sensitive to
how phenology, life history traits and behavior are modeled.
Parameterization of these traits in ecosystem models by using
observations and experiments is challenging and costly. A
different approach is instead to keep these behavioral traits free to
evolve during the simulations using a genetic algorithm (Holland,
1975). This concept involves equipping individuals with “genes”
and adapting these by simulating evolution by natural selection
over many generations (Huse and Giske, 1998; Huse et al.,
1999). In many ways, this can be considered parallel to the “spin
up time” used in ocean circulation models. We developed an
individual based model for a copepod based on previous model
studies that include growth, mortality, and reproduction as well
as adaptive traits for controlling phenology and the interaction
with the environment. Fiksen (2000) developed a 1D IBM for
C. finmarchicus with three traits determining the time for ascent
from diapause, the day for preparing for overwintering and
the relative fat content to be obtained before descending to
diapause. We use the same traits as Fiksen (2000), add three
traits related to controlling vertical distribution of the copepod
and implement the copepod model in a 3D biophysical ocean
model that generates temperature, advection and phytoplankton
fields. The objectives are to use the adaptive IBM to investigate
the effects of spatial and inter-annual variability in biophysical
forcing and predator density on the adaptation of life history
traits, retention and fitness of a copepod.
MATERIALS AND METHODS
The model description is set in accordance with the protocol for
describing IBMs proposed by Grimm et al. (2006). This entails
an initial model overview in the subsequent paragraphs followed
by a more detailed description of the model components under
Submodels.
Purpose
The model is a 3D individual-based model taking into account
life history, behavior, growth, mortality, and reproduction
of a copepod resembling loosely C. finmarchicus. Adaptive
traits evolved using a genetic algorithm approach (Huse,
2005; Samuelsen et al., 2009) control the interaction with
the environment. The entire life cycle of copepods and the
main life history features and vertical movement are emergent
properties resulting from many generations of evolution using
a genetic algorithm (Figure 1). The purpose of the modeling is
to improve understanding of the interplay between behavioral
and life history trade-offs in relation to fitness, population
dynamics and environmental variability in space and time.
The model area is the Northeast Atlantic. Seven simulations
were performed (Table 1), for a time period of 100 years.
First two simulations (1 and 2) were performed without any
spatial variability to study local adaptation with and without
inter-annual variability in the biophysical forcing (currents,
temperature, phytoplankton). The rest of the simulations had
spatial variability in biophysical forcing. Two simulations (3 and
4) without inter-annual variability were performed, with and
without selection to illustrate the effect of selection. Then a
simulation (5) was performed where the years 1981–2004 were
repeated sequentially during the adaptation process to study
the effect of inter-annual variability. Finally, we investigate how
differences in predation pressure affect the evolved strategies
by varying the predation level by fish and tactile predators
(6 and 7). For each simulation 4 replicate runs were made.
This was done due to the reliance on stochastic processes and
initialization where individuals differ with regards to initial
position, composition of the strategy vectors, the sequence
of mutations and movement diffusion. Since the simulated
adaptation process depends on number of individuals in the
population and is generally faster in smaller populations, four
replicates of each simulation were made rather than one
simulation with a four times greater number of individuals. For
some of the result presentation, the output from the best replicate
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WUD AFD
OWD
VM1 + VM2L if C5 before AFD => mature
else allocate to fat
if fat/soma > FSR descend to 
OWD
Depth
Time
FIGURE 1 | The conceptual framework of the life history traits of the copepod
IBM. The strategy variables, whose values are evolved during the spin up
simulation, are given in bold. OWD is the overwintering depth, WUD is the date
at which the overwintering C5 starts ascent toward the surface, VM1 and
VM2L gives the deepening of the copepod during day as a function of their
length, AFD is the date after which an individual becoming C5 will prepare for
overwintering, whereas before this date the individual will mature and
reproduce in the same season, FSR gives the fat to soma ratio at which a C5
will descend to the OWD for overwintering in diapause.
TABLE 1 | Description of the different sensitivity simulations.
Simulation number Spatial location Predator density
1 Fixed Nv, Nt
2 Fixed Nv, Nt
3 Variable Nv, Nt
4 Variable Nv, Nt
5 Variable Nv, Nt
6 Variable Nv·0.8, Nt·0.8
7 Variable Nv·1.2, Nt·1.2
Trait indicates whether traits are inherited from “parents” or are initiated randomly from
the initiation range. Predator density (Nv , Nt ) is given in Table 3. For all simulations four
replicates runs over 100 years are performed.
rather than average of the replicates is shown. This was done to
maintain potential dependencies between the evolved traits. The
“best” replicate is defined as having the highest average fitness
(R0) for the last 30 years.
State Variables and Scales
The model comprises individuals and their environment. The
attribute vector (Chambers, 1993) of individuals consists of 13
different states including their stage, internal number, weight,
fat level, age, depth (Table 2). The strategy vector (SV) (Huse
et al., 1999), which is evolved, contains all the life history and
behavioral strategies of individuals and comprises five behavioral
and life history traits. Each individual has a strategy vector that
consists of:
SV = (WUD,AFD, FSR, VM1, VM2) (1)
TABLE 2 | The attribute vector As of super-individual s.
Attribute Explanation
0 Dead = 0, alive = 1
1 Stage, 0 is egg, 1–6 nauplia, 7–11 copepodites, 12 adult
2 Internal number
3 Structural weight in micrograms
4 Age in days
5 Fat energy level in KJ
6 Molt cycle fraction of stages < N3
7 Total number of eggs in a super individual
8 Depth position
9 Position along the x-axis
10 Position along the y-axis
11 Activity level: 0 diapause,1 active,2 allocating to fat, 3 move
down,4 move up
12 Net reproductive rate (R0)
The life history traits include the date for ascent from
overwintering to the surface (WUD), the day for initiating fat
allocation (AFD) in copepodite stage 5 (C5), fat/soma ratio
needed before descending to overwintering (FSR), overwintering
depth (OWD), and two genes (VM1 andVM2) that determine the
day depth (DD) of non-overwintering copepodites (Figure 1).
VM2 is multiplied by the size of the copepodite so that for
values >0, there will be size dependent vertical migration. In
the results reporting here were refer to the day depth, which is
the resulting “phenotype” of WM1 and WM2 which are rather
difficult to interpret. The three former traits (WUD, AFD, FSR)
were presented by Fiksen (2000), while the latter three are
introduced here. Even though the individual-based structure
is appealing, it is impossible to simulate copepod population
dynamics on a truly individual basis due to the great abundances
involved, and the copepod is therefore simulated using the super-
individual approach (Scheffer et al., 1995). A super-individual
represents many identical individuals and the number of such
identical siblings is an attribute of the super-individual (Table 2).
Process Overview and Scheduling
The processes governing the individuals are growth, mortality,
movement, and reproduction. The simulated copepod goes
through 13 different stages including an egg stage, six nauplia
stages, five copepodite stages, and an adult stage. It is not assumed
to commence feeding until the third nauplia stage (N3), and for
stages below this, stage longevity was calculated as a function of
temperature (Carlotti and Wolf, 1998). For stages N3 and above,
growth is calculated as a function of phytoplankton density,
temperature and size using a bioenergetics model (Carlotti and
Wolf, 1998). The copepod is assumed to change stage when
a stage specific critical weight is achieved. Thus, we did not
utilize flexible critical weights. For the egg and nauplia stages,
mortality consists of unspecified causes (taken from Ohman
et al., 2004) and tactile predation. For the copepodite and
adult stages mortality is attributed to predation from pelagic
fish (herring, blue whiting, and mackerel), mesopelagic fish and
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tactile predators, starvation when the weight goes below the
critical weight, and exhaustion if more than 800 eggs have been
spawned. For individuals in diapause, no vertical movement is
calculated, but for other individuals, movement is calculated
either as a function of turbulence and sinking (stages < N3)
or by adapted rules. A sex ratio of 50% is assumed, and males
are removed from the population after one spawning event.
Reproduction of adults can take place when their weight is above
TABLE 3 | Parameters used in the model.
Symbol Value Unit Source
Imax 0.86 day−1 Carlotti and Wolf, 1998
Q10 2.1 wd Carlotti and Wolf, 1998
a 0.80 wd Carlotti and Wolf, 1998
tphy 40 mg C m−3 Carlotti and Wolf, 1998
fmax 100 mg C m−3 Carlotti and Wolf, 1998
r1 0.01 wd Carlotti and Wolf, 1998
r2 0.2 wd Carlotti and Wolf, 1998
b1 1.1, 1.12 wd
b2 15, 30 wd
QR10 3.4 wd Carlotti and Wolf, 1998
m0 : 2 0.3 day
−1 Ohman et al., 2004
m3 : 6 0.15 day
−1 Ohman et al., 2004
m7 : 12 0.05 day
−1 Ohman et al., 2004
md 0.001 day
−1 Fiksen, 2000
critW N3 0.05 µg C Carlotti and Wolf, 1998
critW N3=minW N4 0.2 µg C Carlotti and Wolf, 1998
critW N4=minW N5 0.3 µg C Carlotti and Wolf, 1998
critW N5=minW N6 0.45 µg C Carlotti and Wolf, 1998
critW N6=minW C1 0.75 µg C Carlotti and Wolf, 1998
critW C1=minW C2 1.1 µg C Carlotti and Wolf, 1998
critW C2=minW C2 2.5 µg C Carlotti and Wolf, 1998
critW C3=minW C2 7 µg C Carlotti and Wolf, 1998
critW C4=minW C2 15 µg C Carlotti and Wolf, 1998
critW C5=minW ad 40 µg C Carlotti and Wolf, 1998
critW Ad 90 µg C Carlotti and Wolf, 1998
cmat 100 µg C Carlotti and Wolf, 1998
c 0.2 m−1 Aksnes and Utne, 1997
k 0.05 m−1 Aksnes and Utne, 1997
C0 0.5 wd Aksnes and Utne, 1997
Emax 50 µE m
−2 S−1 Aksnes and Utne, 1997
Ke 5 µE m
−2 S−1 Aksnes and Utne, 1997
ρ 0.5 wd Aksnes and Utne, 1997
Nt 0.02 ind.m
−3
Vt 0.05 m s
−1
Nv 0.0004 ind.m
−3
Vv 0.8 m s
−1
Mutation prob. 0.1 Probability
Mutation effect [0,20] %
Values in parenthesis indicate stages with 0 being the egg stage and 1:6 being nauplia
stages one to six, respectively. The parameters critW N3=minW N4 refers to the critical
size for molting into the next stage. For b1 and b2 the first values are for the nauplia stages
and the latter for copepodite stages.
a threshold value and they have attained enough fat reserves to
spawn a batch of eggs (Table 3). Spawning can only take place
within the upper mixed layer (Table 3). If these conditions are
met, the individual produces a new super-individual offspring
whose internal number is a function of the batch size multiplied
by the internal number of the mother. During reproduction,
strategy vectors are passed on from parent to offspring.
The time step of the model is 1 h, simulated on a day-to-
day basis over the entire year repeated a 100 times to evolve
robust life history and behavioral traits (Table 2). Fat is allocated
to structural growth for immature individuals, but mature
individuals and C5s preparing for overwintering allocate their
surplus energy into fat storage. During times of negative growth,
the stored fat is depleted before the structural weight is reduced.
Design Concepts
Emergence
Most of the features of the model are emergent properties
including the individual traits, mortality, growth, reproduction,
and spatial dynamics.
Adaptation
The six life history traits are adapted and can be used to improve
the fitness of individuals.
Fitness
During the year super individuals grow, survive and may
reproduce. At the end of the year the product of the internal
number and the weight of each super individual is calculated.
At the start of each year, a fixed number of super individuals are
then drawn randomly from the previous year’s population and
the probability of being chosen is proportional to the product of
the internal number and the weight.
Sensing
Individuals are assumed to be able to sense the chlorophyll
density and find the location of the depth with the highest
chlorophyll density, they are also able to separate between day
and night. They are also assumed to know which days are their
inherited wake up and allocation to fat days, respectively.
Interactions
Individuals interact indirectly through random cross over in the
strategy vectors during reproduction.
Stochasticity
There is random initiation of the strategy variables within bounds
as defined below. In simulations with spatial variability the
geographical locations of individuals is initiated stochastically
given that the bottom depth is >100m. Mutations and
movement of egg-N2 are stochastic. There is a random walk
component in the movement of super individuals to represent
sub grid “diffusion” processes.
Collectives
The individuals are super-individuals that each represents one or
more identical individuals.
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Initialization
The model is initiated on January 1 with 500 super-individuals.
The super-individuals are initiated as overwintering C5 at OWD
or shallower if limited by bottom depth, at randomly chosen
positions throughout the domain in areas where the bottom
depth is >100m (Figure 2). The valid grid cells have an equal
probability of being chosen. The weight of individuals is 120µg C
and they have a fat reserve of 100 µg C (Carlotti andWolf, 1998).
The life history and behavioral traits are initiated randomly
within given boundaries. Test runs were used to determine that
the end solutions were not found outside the initiation ranges.
The strategy vectors were initiated randomly within the ranges:
WUD [15, 60], FSR [0.4, 0.8], AFD [100, 160], OWD [500, 1,000],
VM1 [20, 60], VM2 [1,500, 4,500] for 500 individuals.
Input Data
Input data on light, currents, temperature, and phytoplankton
biomass were taken from a model system involving the Regional
Ocean Model System (ROMS) (Haidvogel et al., 2000) and
the NORWECOM phytoplankton model, initially presented by
Aksnes et al. (1995) and further developed by Skogen et al. (2007).
Three day fields were interpolated linearly to daily values. The
model domain is the Nordic Seas (56 to 82N and 30 E to 30W,
Figure 2). Each square is 1/3 longitude and 1/6 latitude which
gives an approximate resolution of 20 km, and the total grid size
was 181 by 153 squares. The NORWECOM model was run on
a different grid as described in Skogen et al. (2007), and the
results were transferred to the present grid as done previously
(Utne and Huse, 2012; Utne et al., 2012b). Hourly surface light
was generated from a model giving hourly sun height above
the horizon (Skartveit and Olseth, 1988). The visual predators
that include mesopelagic and pelagic fish were assumed to be
distributed homogeneously in the upper 500m and the tactile
predators were assumed to be distributed in the upper 1,000m.
Submodels
Adaptation
The adaptive traits are implemented on a strategy vector Si
(Equation 1) (Huse, 2001; Huse et al., 2002). A genetic algorithm
(GA, Holland, 1975) is then used to optimize the strategy
vector. The GA is a computational method that applies Darwin’s
principle of evolution by natural selection to search for optimal
solutions to complex problems. The population of individuals is
adapted by repeated testing, selection and reproduction. Instead
of using maximization of a utility measure, we used emergent
fitness to evolve the strategy vectors (Mitchell and Forrest,
1995; Huse, 1998; Strand et al., 2002). This concept involves
simulating survival of the fittest over hundreds of generations,
and considering the strategies dominating at the end to be those
best adapted to the simulated environment. Only individuals that
fulfill certain criteria can reproduce (see below). The selection
scheme is inspired by the way natural selection works in nature.
By repeating the procedure over and over, the population will
consist of increasingly fit members. There is an inherent problem
in individual based population models such as the present one
in that the number of individuals may grow very large and thus
increase computing time substantially. Since there was no density
FIGURE 2 | The average center of mass at the end of the year in the 30 last years in all four replicates of the simulations. The contours give the 200 and 500m depth.
Note that simulation 1 and 2 are in the same location centrally in the Norwegian Sea, hidden behind the two black squares (simulation 3).
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dependent feedback on the food resource, we implemented a
direct density regulation. At the end of each year a fixed number
of super individuals were selected from the population and
passed on to the next year. This was done stochastically using
Monte Carlo simulation and the probability for an individual
being passed on to the next year was proportional to the product
of its weight (structural + fat) and internal number which is
the number of individuals represented by a super-individual
(Scheffer et al., 1995). In this manner, a fixed number of 500
super individuals with a fixed internal number were initiated on
each January 1. The density regulation will thus have less effect
on the selection of individuals and their strategies than if density
regulation was to be imposed for example on the food availability
during the feeding season. The density regulation takes place
during a time when the copepod is in diapause, so the start of
January is an ideal timing of this regulating and does not interfere
with any of its activities. The net reproductive rate R0 defined as
the sum of the product of survival probability times the number
of offspring produced is often used as a fitness proxy (e.g., Giske
et al., 1993). Since R0 is closely related to our selection criteria we
used it to report and contrast the results in different simulations.
Vertical Position
Vertical position was updated at each hourly time step. During
the egg and nauplia stages, individuals were restricted to stay
in the upper 40m. At each time step the vertical position was
changed randomly by ±1m, to mimic vertical diffusion in the
upper mixed layer. During diapause, copepodites were assumed
to stay at the overwintering depth (OWD) given by the strategy
vector (Equation 1). Non-diapausing copepodites (stages 1 to
adults) were assumed to stay at the chlorophyll maximum during
the night hours. The day depth (DD) of copepodites (stages 1
to adults) was calculated as a function of the traits (Equation
1) and individual length (L) to allow for size dependent vertical
distribution:
DD =WM1+WM2L (2)
During ascent from and descent to overwintering the copepodites
moved by a speed of 1m h−1.
Feeding and Growth
The feeding and growth model was adapted from Carlotti and
Wolf (1998). It was assumed here that the copepod feed solely
on phytoplankton, even though calanoid copepods, are known
to be omnivorous and can also feed on microzooplankton.
Ingestion (I) was calculated as a function of temperature, size,
and phytoplankton level:
I = Imax(Q10)
T/10Wa
b1phy
b2 + phy
(3)
where Imax, Q10, a, b1, and b2 are constants (Table 3), phy is the
phytoplankton concentration,W is the structural weight, andT is
the temperature. The functional response parameters (b1 and b2)
were scaled to resemble the relationships presented in Campbell
et al. (2001). Respiration was calculated as a function of structural
weight, temperature, and ingestion:
R = r1W
aQR10
MT/10 + r2I (4)
where r1 and r2 are constants (Table 3) and MT is the mean
temperature over the day.
Egestion was calculated as a constant proportion of ingestion:
F = Iλ (5)
Finally growth emerges as the sum of the ingestion minus
respiration and egestion:
G = I − R− F (6)
Mortality
Mortality is assumed to result from visual and tactile predation,
starvation, and spawning stress. In addition the egg and nauplia
stages had an additional unspecified daily mortality rate of 0.06
adapted from Aksnes and Blindheim (1996).
Predation risk from these visually feeding predators was
calculated from irradiance at depth, predator visual capability,
turbidity, and prey size. Surface light was calculated from the
model of Skartveit and Olseth (1988). The background light
irradiance at depth (Eb) was calculated as a function of the surface
light (E0), light loss through the surface (ρ), and the vertical
attenuation coefficient (k) (Aksnes and Giske, 1993):
Eb = E0ρe
(−kz) (7)
where z is depth. The visual range (r) of planktivorous fish was
calculated using (Aksnes and Utne, 1997):
r2e(cr) = |C0|ApEmax1S
−1
e
Eb
Ke + Eb
(8)
where c is beam attenuation constant, C0 is inherent contrast
of prey, Ap is the area of the copepod, Emax is maximal
retinal irradiance that can be processed by the predator, 1Se is
sensitivity threshold for eye, Ke is an eye saturation parameter
of the predator, and Eb is the background irradiance at depth
(Equation 3). The 1Se parameter was estimated to 4.88·10
−7 for
a planktivorous fish of 30 cm based on the relationship given in
Aksnes and Giske (1993).
The predation mortality from visual predators (Pv) is assumed
to be a function of the predator density Nv, search area and
swimming velocity (Vv):
Pv = π(r sin θ)
2NvVv (9)
Predation from tactile predators was calculated as a function of
the predator density Nt , search area and swimming velocity (Vt):
Pt = πrt
2NtVt (10)
In this case, the search range of the predator is a constant,
independent of light level. Implicitly, the predators are assumed
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to exert a linear functional response. The densities of visual
and tactile predators are based on data for the Norwegian Sea
provided by Skjoldal et al. (2004). The internal number of
individuals was then updated each hour (h) by:
nih = nih−1e
−µ (11)
where µ = Pt + Pv. When the internal number of a super
individual becomes less than 1 the super-individual is removed
from the population.
Reproduction
Adult individuals can reproduce when their structural weight
is above 100 µg, they have attained enough fat reserves to
spawn a batch of eggs, and they are positioned within the
upper mixed layer (<40m). If these criteria are fulfilled new
“offspring” super-individuals are produced. An offspring inherits
the strategy vector from its parent, but random changes take
place with a probability of 0.1 per trait on the strategy vector
(Equation 1). During reproduction, the probability of a change
in trait value (see Equation 1) is 0.1 for each trait and
determined by drawing random numbers. If a mutation is drawn
(random number < mutation probability) then the trait value
is changed randomly by up to ±20% (Table 3). The internal
number of the new super-individual is a function of the batch
size and the internal number of the parent individual. New
super-individuals are initiated as eggs at the same depth as
the parent. Following reproduction, the weight reserve of the
parent super-individual is reduced by an amount corresponding
to the clutch size (number of eggs) multiplied by the egg
weight.
RESULTS
Horizontal Distribution
The centers of mass at the end of the final year of the four
replicates of each simulation are shown in Figure 2. In most cases
the center of mass is within the Norwegian Sea basin although
there is some variation between simulations and replicates. In
the two first simulations the spatial location was fixed at the
center of Norwegian Sea (Figure 2). Simulation 3 was initiated
randomly each year at the center of the Norwegian Sea and the
center of mass also remained stationary. In simulation 4, the
same forcing year was repeated, but with spatial variability. The
replicates ended up in two different areas north of Iceland and
northeast of Jan Mayen (Figure 2). This is likely an adaptation to
the peculiarities of the single forcing year. For simulation 5, with
variable forcing years on the other hand, we see that the center
s of mass are very close together at the center of the Norwegian
Sea. In simulation 6, with reduced predator density, two different
centers of mass are found, one in the central Norwegian Sea and
one further east on the 500m isobath. Finally in simulation 7,
with increased predator density we find two different locations,
with three replicates centered on the Icelandic shelf and one on
the Norwegian shelf.
Simulation 1: Adaptation to a Single
Forcing Year and Fixed Position
The first two simulations were performed in a fixed location
without any spatial variability. Simulation 1 was without inter-
annual variability, repeating the year 1983. Only the traits of the
best replicate, defined as having the highest average fitness for the
last 30 years, are shown here in Figures 3A,B. In simulation 1
the wake up day (WUD) was at around day 70 and AFD at 130
day (Figure 3). This gives a surface period of about 2 months
and allows time for producing two generations per year. The day
depth was around 60m and the overwintering depth was at about
1,000m. The net reproductive rate R0 was used here as a fitness
proxy, and the fitness was between 2.5 to 3 indicating that the
population was viable and growing (Figure 3C). There was a clear
increasing asymptotic trend in the fitness in all the replicates and
there were only minor variation in fitness between them.
Simulation 2: Adaptation With Inter-annual
Variability and Fixed Position
Adding inter-annual variability had only a minor effect on
the life history trait (Figures 4A,B) compared to the previous
simulation. But there was an increase in the day depth to 75m
and thus indicating a more risk averse strategy. There was
a pronounced inter-annual variation in the fitness, but only
a minor difference between the replicates (Figure 4C). This
shows that there is pronounced inter-annual variability in the
“productivity” of the forcing data and that this is more important
than the increase in fitness due to adaptation process.
Simulation 3: Random Strategies
In the remaining simulations individuals were initiated over
the entire spatial domain and transported with the currents.
In simulation 3 individuals were selected randomly from the
population at the end of the year before, to contrast the other
simulations where the selection probability is proportional to the
fitness. The strategies in this case reflected the initiation range in
each year and the mean values remained stationary (Figure 5).
The fitness was also very low in this simulation and clearly did
not reflect viable populations (Figure 5C).
Simulation 4: Adaptation to a Single
Forcing Year
In the fourth simulation the forcing in a single year (1983)
was repeated over and over. In this case the best strategy had
convergent wake up and allocation to fat days at day 100
(Figure 6A). The FSR ratio was slightly increased compared to
simulation 1 which did not have the spatial variability. The
day depth was at 90m, which is deeper than in the previous
simulations. The four replicates developed slightly differently and
the variation between them was more pronounced than in the
previous simulations, illustrating the effect of spatial variability
(Figures 3, 6). There is also great variation in center of mass
(Figure 2) and fitness (Figure 6C) between replicates.
Simulation 5: Multi-Year Forcing
In the next simulation the populations were adapted to
inter-annual as well as spatial variability in forcing. This
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FIGURE 3 | The development over 100 years of the best replicate in
simulation 1 in (A) wake up day (WUD), allocation to fat day (AFD) and fat to
soma ratio (FSR) traits, (B) the day depth (DD) and overwintering depth (OWD),
and (C) fitness (the net reproductive rate, R0) of all four replicates. Values are
from end of each year.
simulation (Figure 7) produced a strategy with a slightly
delayed ascent compared to the previous simulation and like
in the previous simulation (Figure 6), the AFD converged
to the WUD value (Figure 7). The day depth was slightly
deeper than in the previous simulation. As expected, the
fitness was more variable between years, but there was less
variation between replicates than in simulation 4 (Figure 6C vs.
Figure 7C).
Simulation 6: Reduced Predator Density
Reducing the predator density had a pronounced effect on
the time that the simulated copepod spent at the surface.
In this simulation the ascent from overwintering (WUD)
FIGURE 4 | The development over 100 years of the best replicate in
simulation 2 in (A) wake up day (WUD), allocation to fat day (AFD) and fat to
soma ratio (FSR) traits, (B) the day depth (DD) and overwintering depth (OWD),
and (C) fitness (the net reproductive rate, R0) of all four replicates. Values are
from end of each year.
was on day 120 and the AFD was at day 165, considerably
later than for the other simulations. While the day depth
was at around 80m, like many previous simulations, the
overwintering depth was at 400m, and substantially shallower
than in all previous simulations (Figure 8B). The peak in
the fitness level was increased substantially compared to the
previous simulations as expected with the lower predation risk,
but there was considerable variation between the replicates
(Figure 8C). The highest fitness was associated with the
replicate (number 3) that had a center of mass in the
central part of the Norwegian Sea, whereas the replicates
close to the Norwegian Coast had substantially lower fitness
(Figures 2, 8C).
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FIGURE 5 | The development over 100 years of the best replicate in
simulation 3 in (A) wake up day (WUD), allocation to fat day (AFD) and fat to
soma ratio (FSR) traits, (B) the day depth (DD) and overwintering depth (OWD),
and (C) fitness (the net reproductive rate, R0) of all four replicates. Values are
from end of each year.
Simulation 7: Increased Predator Density
When the predator density was increased on the other hand
there was not a similar shift in life history (Figure 9) and
the WUD and AFD traits were to a large degree similar to
simulations 4 and 6 (Figures 6, 8), except that the day depth
was deeper than in these simulations. As expected the fitness
level was lower in this simulation and about half the level
in simulation 6 with decreased predator density. Again there
were substantial variation in fitness between the replicates and
the lowest fitness was associated with the location close to the
Norwegian shore, where one of the replicates had its center of
mass (Figures 2, 8C). The other replicates ended up rather closely
together to the south of Iceland, but still showed some variation
in fitness.
FIGURE 6 | The development over 100 years of the best replicate in
simulation 4 in (A) wake up day (WUD), allocation to fat day (AFD) and fat to
soma ratio (FSR) traits, (B) the day depth (DD) and overwintering depth (OWD),
and (C) fitness (the net reproductive rate, R0) of all four replicates. Values are
from end of each year.
Seasonal Dynamics
The data on seasonal population dynamics were compared for the
year 1983, due to the considerable inter-annual variability in the
forcing. The seasonal population dynamics varied substantially
between the simulations (Figure 10). The highest peak in
abundance was found in simulation 6 with reduced predator
density. This simulation also had the latest peak, which took
place in early September. Simulation 7 with an increased predator
density on the other hand, had its peak in abundance 2
months prior, at the end of June. The second highest peak
was seen in simulation 4, which was adapted to the year
1983 only. Simulation 5, adapted to inter-annual variability
had a lower abundance. The seasonal dynamics of the two
simulations without spatial variability (1 and 2) showed an almost
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FIGURE 7 | The development over 100 years of the best replicate in
simulation 5 in (A) wake up day (WUD), allocation to fat day (AFD) and fat to
soma ratio (FSR) traits, (B) the day depth (DD) and overwintering depth (OWD),
and (C) fitness (the net reproductive rate, R0) of all four replicates. Values are
from end of each year.
identical pattern. The earliest and lowest peak in abundance
was in simulation 3 without adaptation as could be expected
(Figure 10).
DISCUSSION
Effects of Adaptation
One of the objectives of the study was to investigate the
importance of the simulated adaptive process on retention and
fitness. The results showed that in simulations with adaptation
the populations remained viable within the study area of the
Norwegian Sea throughout the 100-years, with fitness values
much >1. However, in simulation 3 where the individuals
FIGURE 8 | The development over 100 years of the best replicate in
simulation 6 in (A) wake up day (WUD), allocation to fat day (AFD) and fat to
soma ratio (FSR) traits, (B) the day depth (DD) and overwintering depth (OWD),
and (C) fitness (the net reproductive rate, R0) of all four replicates. Values are
from end of each year.
were initiated randomly each year without fitness proportional
selection of the “best” individuals, the net reproductive rate
remained far below 1. This shows that the population was not
viable and only upheld due to the procedure of initiating a fixed
number of individuals at the start of each year. This illustrates
the importance and strength of including adaptation in this type
of model.
Effects of Temporal Variability
The simulations with inter-annual variability in forcing (2 and
5) resulted in a pronounced variation in fitness between years.
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FIGURE 9 | The development over 100 years of the best replicate in
simulation 7 in (A) wake up day (WUD), allocation to fat day (AFD) and fat to
soma ratio (FSR) traits, (B) the day depth (DD) and overwintering depth (OWD),
and (C) fitness (the net reproductive rate, R0) of all four replicates. Values are
from end of each year.
This shows that although the populations adapt to the inter-
annual variability, the adaptive process cannot make up for this
variability. However, there was not a consistent effect on the
trait values. The emergent wake up day was spread out over
2 months in the simulations from day 60 to day 120, with
many simulations having an ascent initiated at day 90–100. In
most of the simulations the peak in abundance was at day 165–
185 (Figure 10). This corresponds well to the timing of the
peak in C. finmarchicus abundance seen in the Norwegian Sea
(Melle et al., 2004) and to previous model simulations with the
NORWECOM.E2E system (Hjøllo et al., 2012). Observations
from the Norwegian Sea show that the peak of the spring
bloom varies by about 1 month (Rey, 2004), with April 16 (day
106) as the earliest peak day. There was a slight tendency for
FIGURE 10 | The seasonal development in simulated copepod abundance in
the 7 simulations (S1–7) for the year “1983” in the best replicate of each
simulation.
earlier wake up day in simulation 5 with inter-annual variation
compared to simulation 4 without it. Early wake up day makes
the copepodites exposed to predation for a longer time span
compared to a later wake up. In line with this, simulation 5
had a greater day depth than simulation 4 indicating a more
risk averse strategy with inter-annual variability. In the study
by Hjøllo et al. (2012) and Samuelsen et al. (2009) it was
found that changes in wake up day in spring had several
effects on the subsequent population dynamics of the simulated
C. finmarchicus population, manifested as changed biomass
values/timing and annual production.
Effects of Spatial Variability
In simulations without spatial variability, there were only minor
differences between the replicates (Figures 3, 4). However, spatial
variability had a strong effect on the fitness variation between the
replicates. These simulations produced rather different centers of
mass, both between simulations and among replicates (Figure 2).
In particular, it was shown that the simulations without inter-
annual variability in forcing produced quite different center
of mass among replicates, whereas simulation 5 with inter-
annual variation in the center of mass was almost identical in
the four replicates, and produced populations that remained
within the Norwegian Sea. This indicates that there are current
structures in some locations in some years that allow local
retention of plankton populations. In the model this resulted
in local adaptation and widespread centers of mass in the
simulations without inter-annual variability. This illustrates how
inter-annual variability in current patterns can affect retention
in different areas. Plankton are at the “mercy” of this variability
and consequently need to be adapted to a range of different
environmental situations. This is not new insight and Hjort
(1914) formulated his so-called second recruitment hypothesis
based on observations of cod larvae out in the Norwegian
Sea, far away from their preferred shelf areas in the Barents
Sea. Bryant et al. (1998) found that only very restricted parts
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of the Norwegian Sea around the Faroese Islands and east of
Iceland were able to retain simulated copepods over more than
10 years. These areas correspond well to the areas where we
found the center of mass of most of the present simulations
(Figure 2). Torgersen and Huse (2005) found that there was a
low degree of simulated copepod retention in the Norwegian
Sea, particularly in the eastern part. After 4 years, only 10% of
the simulated copepods remained within the simulated domain.
Our model showed that long term persistence is greatly increased
in the same area when growth, mortality, reproduction and
adaptation of traits are included. To our knowledge there
are no other examples of similar long term model simulation
with fine resolution in space, time and adaptive individual
traits.
Effects of Predator Density
Predator density had a pronounced effect both on the population
dynamics and behavior. In particular, the individuals adapted
under the high predator density evolved a more risk averse
strategy with a deeper day depth compared to the simulation
with lower predator density. Bollens and Frost (1989) in a classic
study found that Calanus pacificus increased the magnitude of
their diurnal vertical migration when the density of predator
fish was increased. The difference they observed was greater
in magnitude than the increase that the present simulations
produced which was about 20m. But the shallowest day depth
in simulation 1 was 60m. The shift from simulation 1 to
simulation 6 with increased predator density was 40m and
thus about the same as the shift observed by Bollens and
Frost.
Although the traits can bemademore dynamic and dependent
on local environmental factors, the present strategy vector with
six traits works well in adapting the population to the prevailing
conditions and shows clearly different adaptive trajectories under
different environmental forcing. However, it is easy to modify the
day depth calculation so that it for example is related to the local
predator density.
Fiksen (2000) with a similar IBM as the present model found
the wake up day to be at around day 75 and the allocation
to fat day at around day 175. When density dependence was
added, the allocation to fat day decreased to around day 150,
but nevertheless this span between wake up day and allocation
to fat day is quite a bit longer than found in most of the
present simulations. We found the span here to be dependent
on the predator density and for the lowest predator density
(simulation 6) the time span was much greater than in the high
predator simulation (simulation 7). This resulted in a delayed
peak in copepodite abundance in the low predator simulation
compared to the other simulations (Figure 10). This supports the
hypothesis proposed by Kaartvedt (2000) that time spent at the
surface is minimized to reduce predation risk from pelagic fish
that enters the Norwegian Sea to feed in summer. The herring
arrives early on the feeding grounds (Dragesund et al., 1997;
Holst et al., 2002), but the mackerel arrives later on (Utne et al.,
2012b), and avoiding this added predation level is beneficial to
the C. finmarchicus.
Individual Based Population Modeling of
Zooplankton
IBMs are valuable tools for addressing the consequences
of different individual traits on for example population
dynamics and trophic interactions (Grimm and Railsback, 2005;
Neuheimer et al., 2010). Zooplankton can respond to a range
of environmental factors including predators, prey, and physical
factors such as temperature (Bollens and Frost, 1989; Carlotti
et al., 2000; Fiksen, 2000), in the short run by changing their
vertical position, and in a longer perspective through life history
strategies. The 3D individual based model with emergent life-
history and behavior model presented here has been shown to
be useful for investigating how different trait formulations affect
the population dynamics and behavior of plankton. There are
a range of different hypotheses related to diapauses initiation
and termination in C. finmarchicus (Hirche, 1996a; Heath, 1999;
Fiksen, 2000; Heath et al., 2000), and the present model system
is ideal for investigating the consequences of such hypotheses
for the spatial and population dynamics of plankton. We based
our 3D model on the traits used by Fiksen (2000), who studied
evolutionary robust strategies in a 1D model of C. finmarchicus.
This approach has previously been used to study migrations
(Huse and Giske, 1998; Huse, 2001; Strand et al., 2002) and life
history traits (Huse and Ellingsen, 2008) in fish.
To model the demography of C. finmarchicus in the north-
east Atlantic, Speirs et al. (2006) used a full C. finmarchicus
life cycle model forced by phytoplankton through satellite
observations and modeled weekly updated physical transport
of individuals from one cell to another in two distinct layers
(20 and 600m). They found that transport was generally
not important to demography, but that there was a strong
connectivity of C. finmarchicus within the entire distribution
area of the species. Their approach is computationally efficient
and allows statistical parameter fitting, but lacks a fully resolved
flow field and the feedback between the different tropic layers.
The NORWECOM.E2E model considers feedbacks between the
different trophic levels and driven by realistic physical forcing
have been developed, and also extended to include pelagic fish.
The present simulations did, however, not include feedback to
allow long term simulations for studying retention and evolve
traits.
The simulations relied on a rather low initial population size.
This makes the run time fast and allows multiple simulations and
replicates. However, there are potential downsides to this related
to only finding local minima in the fitness landscape as well as
covering only restricted geographic locations within the large
simulation area. Hjøllo et al. (2012) found that the aggregated
variables such as production was sensitive to the number of super
individuals simulated. They found a 10% lower production for
a simulation with 23,000 individuals compared to the reference
simulation with 200,000 individuals, but simulations with 47,000
and 120,000 super individuals have about the same cumulative
production as in the reference run.
Several approaches have been taken to simulate the spatial
and population dynamics of copepods both using 1D Individual
Based Models (IBMs) (Carlotti and Nival, 1992; Carlotti et al.,
1993; Carlotti and Radach, 1996; Carlotti and Wolf, 1998),
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3D IBMs (Miller et al., 1998; Pedersen et al., 2001; Tittensor
et al., 2003), and 3D Eulerian (Speirs et al., 2005, 2006) models
(reviewed by Gentleman, 2002). While IBMs have individuals as
the unit for calculation, Eularian models have spatial locations
as the basic unit and considers the dynamics in locations as a
function of local population dynamics, imports, and loss (Carlotti
et al., 2000) The different approaches have their pros and cons
and the Eularian models are in general numerically more efficient
than IBMs, which on the other hand allow a more detailed
biological description of individuals.
The resampling scheme introduced here with a fixed initial
abundance at the start of each year, provides a simple approach
to keep the number of super individuals simulated under control
without constraining the ecological or evolutionary processes
too much. This allows for rather long term simulations, over
100 years with a simulation time of a few hours on a laptop.
Feedback on the phytoplankton is not included presently, but
since this is known to be important in many areas, fully coupled
model systems are developed. The models based on IBMs have
much longer simulation time as more super individuals are
needed to cover the geographical area and provide realistic forage
feedback. An application of the present model is therefore to
produce robust strategy vectors for use in fully coupled end to
end models such as NORWECOM.E2E (Hjøllo et al., 2012; Utne
et al., 2012a). Although the present offline version is valuable for
providing a starting point for simulations, it is likely that the
selection pressure will change slightly as a response to the density
dependent food availability in the fully coupled model. This may
create a “drift” in the strategy vectors that requires either to use
some further adaptation or to use fixed strategy vectors for the
population.
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